The paper focuses upon shear-driven liquid film evaporative cooling of high-speed computer chips. Thin liquid films may provide very high heat transfer rates, however development of cooling system based on thin film technology requires significant advances in fundamental research. The paper presents new experimental data on flow and breakdown of a liquid film driven by the action of a forced gas flow in a horizontal minichannel (2 mm high), heated from a 22x6.55 mm heater. A map of isothermal flow regimes is plotted and the lengths of smooth region and region of 2D/3D wave occurrence are measured. The scenario of liquid film breakdown under heating is found to differ widely for different flow regimes. It is revealed that the critical heat flux at which film breakdown occurs for a shear-driven liquid film can be several times higher than that for a gravitationally-driven liquid film. This fact makes shear-driven liquid films very promising in high heat flux cooling applications. 
INTRODUCTION
The main practical motivation of the study is to develop a design capability and design tools that would enable effective cooling of powerful microprocessors in supercomputers and next generation of workstations, servers and high-end PCs. The recent development of micro-systems is intimately linked with the problem of thermal regulation. The levels of energy generation in high-speed computer chips are now approaching values so high as to exceed the capabilities of forced air cooling techniques. This is the case even for desktop computers: the latest models of Intel Pentium processors have power dissipation of up to 150 Watt with die size of about 100 mm 2 . Accordingly, single-phase liquid microchannel, two-phase flow and jet-spray evaporative cooling systems appear to be imperative (Schmidt 2003, Kandlikar and Grande 2004) . The heat flux densities in these systems reach nowadays values of up to 150-200 W/cm 2 . The electronic industry is ready to provide components where the heat flux may reach much higher values. Even the most efficient systems using two-phase flows of dielectric liquids are unable to realize such cooling. This is a technological barrier, which can stop the further development of electronic systems.
A particularly promising technological solution allowing to reach high heat fluxes and to decrease space and mass required for cooling hardware is a system where heat is transferred from a chip to a very thin evaporating liquid film moving under the friction of a forced gas or vapor flow in a microchannel (shear-driven film evaporator, SDFE) (Kabov et al. 2004 ). The thermal management system is mounted directly onto the chip and the extracted heat is transported towards higher exchange surface areas where other technologies can take the relay (e.g. convection, radiation).
Evaporation is a particularly efficient mean to transport energy, due to the high enthalpy difference (or latent heat) between vapor and liquid. Accordingly, the most efficient devices used to cool electronic components are based on evaporation. Nevertheless, the maximal heat flux that can be evacuated remains limited. This limit can be overcome by better mastering the process of evaporation when length scales are such that a number of microscopic effects become important (wetting, interface curvature, Van der Waals forces, non-equilibrium kinetic effects, …). When evaporation of an ultra thin liquid takes place, the conventional heat transfer correlations might become inapplicable. In (Stephan and Brandt 2003) it is shown that the heat flux density of an evaporating thin liquid film may reach a local maximum of 1800 W/cm 2 near the contact line area of the fluid on the heated wall.
Except of its high efficiency, a SDFE-based system is also free from some drawbacks of the competitive cooling techniques, like 1) problems with high pressure pulsations in two-phase systems; 2) system instabilities induced by bubble growth inside microchannels; 3) fluid distribution problems inside complex patterns of channels. Also, since the SDFE employs a very thin liquid film (~0.01 mm thick) moving in a small channel (0.1-0.5 mm high), it is possible to make a compact cooling system which can be used in portable devices like notebook PCs and even PDAs.
Stability of joint flow of a liquid film and gas is a complex problem that has not been fully studied up to now. The shear and normal stresses induced at the interface by the gas flow are responsible for film instabilities that yield nonlinear patterns (or waves), which are of crucial importance in the heat transfer process (Aktershev and Alekseenko 1996, GambaryanRoisman and Stephan 2004) . Information about joint flow of a locally heated liquid film and gas is very limited. Temperature gradients at the gas-liquid interface cause thermocapillary forces, which induce convection and 3-D film deformations. The Marangoni effect in the case of the gas SDFE has an essential influence on the heat transfer and may lead to film rupture (Kabov et al. 2005 (Kabov et al. , 2006 . (Gatapova et al. 2004 ) and (Kabov et al. 2004 ) developed 2-D models of a steady laminar flow of a locally heated liquid film and co-current gas flow for a large channel and for a microchannel, respectively. Evaporation effect on the heat transfer has been analyzed numerically in (Gatapova et al. 2005) .
Some earlier investigations related to the use of sheardriven liquid films for cooling of microelectronic equipment have been reported in Sherwood and Cray (1992) , and BarCohen et al. (1995) . The authors of the last paper experimentally investigated a system with joint flow of Nitrogen gas and dielectric liquid FC-72 in a symmetrically heated horizontal channel of 0.5 mm height. Mudawwar et al. (1987) and Agonafer et al. (1988) presented and discussed film cooling systems in which liquid films flowed under the action of gravity down vertical multi-chip modules. Thermocapillary convection in a liquid film gravitationally-falling down a uniformly or locally heated substrate has been extensively studied during the last decades (see Kabov (1988) , Skotheim et al. (2003 ), Frank (2003 , and references herein). However, non-uniform heating and Marangoni effects remain only partially understood for sheardriven liquid film flows. In this paper we present results fragmentarily published in (Kabov et al. 2005 (Kabov et al. , 2006 ).
EXPERIMENTAL SETUP
Schematic of experimental setup is presented in Fig. 1 . Figure 2 shows design of test section. The main part of the test section is a plate made of textolite (resin impregnated fabric laminate) having dimensions of 250×195×40 mm in length, width and depth, respectively. The plate is covered with a transparent plexiglass cover so that a channel of variable height H=1-3 mm can be created. Gas is supplied from a compressor into the gas buffer chamber fixed at the top of the textolite plate. The gas enters the channel through a 2 mm slot and passes to the atmosphere at the bottom part of the test section. The liquid is pumped into the liquid buffer chamber from a thermostat which keeps the liquid at a constant temperature T 0l . The film, formed by the nozzle of variable height h N =0.15-0.25 mm, is driven in the channel by the shear stress of gas. The liquid is accumulating at the bottom part of the test section and is returned into the thermostat. Distance from the gas inlet to the liquid nozzle is 85 mm, which provides steady flow of gas at the moment it reaches the film. The test section contains four electrical heaters with different dimensions. Three of them, sized 4×11, 6.5×11 and 13×11 mm, are embedded into the textolite plate (Fig. 1) . Upstream of the heaters a copper block with a system of internal channels is situated through which working liquid with temperature T 0l is pumped. This ensures the temperature of the film, flowing onto the heaters, to be constant. The fourth heater of 22×6.55 mm size is embedded separately into another thermostabilizing copper block (Figs. 1,2 are performed on this heater only. The base of the heater is a stainless steel plate with thickness of 3.95 mm, to the inner surface of which a flat resistor is attached. The heater allows obtaining the local heat flux at several points via the temperature drop measurement across the stainless steel plate with the help of thermocouples (Figs. 2,3) . In order to minimize heat spreading from the heater, a gap around the heater is filled with a mixture of epoxy resin and charcoal. Thermal conductivity of the mixture is 0.15 W/mK that is 100 times lower than that of the stainless steel. The gap around the heater is 1 mm wide at the level of the working surface. Distance from the liquid nozzle to the heater # 4 is 124 mm. +9,4%
-6,2%
The test section is set horizontally. Distilled water and air are used as the working liquid and gas, respectively. Experiments are carried out at atmospheric pressure and T 0l =20-22 °C. Initial temperature of the gas T 0g =22-25 °C coincides with the ambient temperature. Channel height is 2 mm. Some experiments are performed on the full wide channel with the width of the liquid film flow of W f =120 mm. However, the most part of the experiments (including all those with the heating) are performed on reduced channel with W f =65 mm, which provides more stable film flow.
Control of uniformity of the gas flow in spanwise direction was performed with the help of a steel capillary of external diameter 0.7 mm which was inserted into the channel at the distance of 78 mm from the gas inlet, and directed opposite to the flow. The capillary was connected to a micromanometer. Figure 4 shows distribution of the dynamic pressure across the width of the channel for Re g =640 (two runs). Uniformity of the dynamic pressure in spanwise direction is seen to be within ±10%. Since the flow rate is proportional to the square root of the dynamic pressure, one can conclude that uniformity of the gas flow rate is within ±5%.
ISOTHERMAL FLOW
Isothermal flow (all heaters switched off) was investigated in the range of Re l =1-60 and Re g =0-1950 . Figure 5 shows the flow regime map obtained. For W f =65 mm the film flow is considerably more stable against breakdown than for W f =120 mm (data 1-3 versus data 4). The film flow is also somewhat more stable for lower h N (data 1-2 versus data 3). At high Re l and small Re g the film thickness is so high resulting in channel flooding.
For small liquid and gas flow rates the film surface is smooth throughout the length of the channel. With increasing Re l and Re g , first two dimensional (2D) waves form at the film surface and then they brake into three dimensional (3D) ones. Figure 6 presents change of the wave structure at the film surface with increasing Re g . Influence of Re l and Re g on the length of the smooth film, L sm , and length (from the liquid nozzle) at which 2D waves break, L br , is shown in Fig. 7 . One can see that L sm as well as L br decrease with increasing Re g , while being practically independent on Re l . Waves were detected by visual observations. Statistical error in determining L sm and L br was about ±10 mm. 
FILM BREAKDOWN UNDER LOCAL HEATING
Liquid film breakdown was investigated in the range of the average heat flux q=0.87 -32.1 W/cm 2 , which was determined by the electric power dissipated on the heater. Parameters of the experiment:
Re l =5.5-36.5,
The scenario of film breakdown is different for different flow regimes. In the regime of smooth film (see Fig. 5 ), the increase of the heat flux first causes a faintly visible deformation of the film surface at the bottom edge of the heater and then the film suddenly brakes down, with virtually instant dryout of the entire heating area (Fig. 8) . Area below the heater is dried in the form of a triangle. Above the upper edge of the heater there is a liquid bump.
In the regime of 2D waves, breakdown is preceded by formation in the film of an unstable hollow at the bottom part of the heater, periodically enhanced by the passage of 2D waves (Fig. 9) . The first stable dry patch forms at some critical heat flux at the bottom edge of the heater and slowly increases in size with time as depicted in Fig. 10 . With further increase of the heat flux it covers the whole heater.
In the regime of 3D waves, the increase of the heat flux leads to formation of an unstable 3D structure, heavily altered by the passing 3D waves (Fig. 11a) . With increase of the heat flux, usually two dry patches form at the bottom edge of the heater, making the 3D structure more stable, Fig. 11b ,c. This structure resembles the so called ''regular structures'' (a rivulet structure wavelike in spanwise direction) forming in a gravitationally falling smooth (Re<10) liquid film under local heating (Kabov 1988) .
Common to all of the film flow regimes is initiation of dry patches from the bottom edge of the heater. The theoretical research also predicts that this region is most risky for the breakdown (Kabov et al. 2005 (Kabov et al. , 2006 . It is worth noting that in case of a locally heated gravitational liquid film, dry patches usually form at the upper edge of the heater and spread downstream (Kabov 2000) . One possible reason is that in (Kabov 2000) there was no temperature stabilizer around the heater and thus no significant temperature gradients were achieved in the region of the bottom edge of the heater. Another distinguishing feature of the breakdown of a gravitationally falling liquid film is that the first dry patch formed is normally stable, while for a shear-driven liquid film first dry patches are often unstable (being periodically washed out), with the initial stable dry patch forming at the heat flux of up to 20% higher (this is more pronounced for higher gas flow rates, Fig. 12 ). This is probably because in case of a sheardriven liquid film, dry patches are washed out by the intense waves and also are "blown" away by the gas flow. Figure 13 shows the critical heat flux at which an initial stable dry patch forms, q idp , depending on Re l and Re g . It is seen that q idp increases with increasing both Re l and Re g . The effect of Re l is stronger for higher Re g . Dashed line represents previously obtained data on breakdown of a water film gravitationally flowing down a vertical plate with a heater of 13×6.5 mm (similar length) (Kabov 2000). At relatively small Re l the shear-driven liquid film breaks down at similar or even lower heat fluxes compared to the gravitational one. However at higher liquid Re number q idp for shear-driven liquid film is up to 3 times higher. Unfortunately, design of the heater did not allow to achieve heat fluxes higher than some 30 W/cm 2 . Use of higher gas flow rates will probably allow to reach even higher values of q idp for a fixed liquid Re number. 
CONCLUSIONS
Experiments have shown that a liquid film driven by the action of a gas flow in a channel is stable in a wide range of liquid/gas flow rates. Scenario of breakdown of a locally heated shear-driven liquid film differs widely for different flow regimes. Initiation of dry patches occurs usually from the bottom edge of the heater that is contrary to a gravitational liquid film, where dry patches form at the upper edge of the heater and spread downstream. It was found that the critical heat flux at which an initial stable dry patch forms for a sheardriven liquid film is up to 3 times higher than that for a gravitational liquid film. This fact makes use of shear-driven liquid films very promising in cooling of high heat flux systems.
